INTRODUCTION
Continental shelf communities are susceptible to rapid reorganizations separating decadal-scale periods of relative stability. These community transitions involve temporally coherent change at multiple trophic levels on a basin-wide spatial scale (Chavez et al. 2003) . Over-fishing is the dominant cause in some instances (Choi et al. 2004 ), but community transitions ABSTRACT: Climate regime shifts force fish communities through rapid transitions between alternate species assemblages, but little is known about the role that biochemical ecology plays in these transitions. We document a biochemical effect of climate-induced community transitions in boreal oceans: opposite population trajectories of lipid-rich and lipid-poor fish species. We compared published estimates of fish lipid content and population trajectories following climate shifts in 4 areas (Bering Sea, Gulf of Alaska, Scotian Shelf and North Sea). In all cases, total lipid content differed between species that increased and decreased in abundance, and the resulting relatively lipid-rich or lipid-poor communities persisted for decades. We hypothesize that these changes in fish community lipid content are the result of climate-mediated changes in the availability of essential fatty acids (EFAs), which are required by fish as components of hormones and cell membranes. EFAs are produced only by plants and must be obtained by fish through their diet, and ecosystem EFA availability is sensitive to physical forcing mechanisms. Using original data from 5 species of northeast Pacific fish (total lipid 1.0 to 28.9% wet mass) and published data for 29 species of myctophids (total lipid 0.5 to 46.3% wet mass), we found that the content of 2 important EFAs was positively correlated with total lipid content. This result suggests the possibility of species differences in EFA requirements that are related to total lipid content, and possible differences in susceptibility to changing EFA availability in lipid-rich and lipid-poor fish species.
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Following the 1970s Pacific Decadal Oscillation regime shift, walleye pollock Theragra chalcogramma, a lipid-poor species, increased in abundance, while capelin Mallotus villosus (photo), a lipid-rich species, declined. The hypothesis is proposed that changes in the availability of essential fatty acids contribute to regime shift effects on fish populations.
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often follow shifts between decadal-scale climate regimes, and a causal link between climate regime shifts and reorganization in shelf ecosystems is widely accepted, although the processes involved remain mysterious (Anderson & Piatt 1999 , Beaugrand 2004 . Proposed hypotheses include changes in the strength of bottom-up and top-down control (Mueter & Norcross 2000 , Hunt et al. 2002 and temporal mis-matches between food supply and early feeding of fish larvae (Anderson & Piatt 1999) .
One of the best-documented patterns of transitions in boreal continental shelf communities is the phenomenon of opposite population trajectories in pelagic and demersal fish species. In a variety of areas in the boreal Pacific and Atlantic Oceans (i.e. Bering Sea, Gulf of Alaska, North Sea, Scotian Shelf), community transitions have resulted in general increases in populations of pelagic species and general decreases in populations of demersal species, or vice versa (Cushing 1980 , Anderson & Piatt 1999 , Hunt et al. 2002 , Choi et al. 2004 . Although this pattern is fairly well recognized, the consequences in terms of community lipid content have received less attention. Shifts between pelagic and demersal species have implications for community lipid content and lipid availability for higher predators, as pelagic fishes are typically richer in lipids than demersal species (Anthony et al. 2000 . This situation is recognized in the Gulf of Alaska, where a climate regime shift in the 1970s resulted in population decreases in lipid-rich pelagic species (capelin Mallotus villosus and Pacific herring Clupea pallasii) and steady population increases in lipid-poor gadids and pleuronectids (Anderson & Piatt 1999 , Mueter & Norcross 2000 . The resulting low-lipid state has persisted for approximately 20 yr and is hypothesized to have had negative effects on piscivores in the region (Anderson & Piatt 1999) . We are not aware of any study that has sought to determine whether this situation is representative of a larger phenomenon; that is, whether climate regime shifts commonly drive boreal fish communities between lipid-rich and lipidpoor states.
In this paper we document a widespread pattern of opposite population-level responses to community transitions by lipid-rich and lipid-poor fishes, and we propose the hypothesis that climate-mediated change in essential fatty acid (EFA) production by phytoplankton is a mechanism contributing to this pattern ('EFA limitation hypothesis'). Our hypothesis builds on the growing awareness that EFA availability may influence trophic structure in aquatic ecosystems (Brett & Müller-Navarra 1997) . EFAs are nutritionally critical lipid components that cannot be synthesized in appreciable quantities by animals and therefore must be obtained through their diet. Two EFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are most commonly identified as limiting in fish (Tocher 2003) . EPA and DHA are required for proper cell membrane function, with DHA being particularly important in cell membranes of neural tissues, and as precursors for eicosanoids, a class of hormones (Tocher 2003) . EFA restriction results in a variety of ill effects in fish, including decreased fecundity and reduced embryonic viability, impaired growth and decreased survival of early life-history stages, improper pigmentation, impaired vision and inability to feed at low light intensity, impaired ontogeny of behavior such as schooling, and decreased membrane function at low temperatures (Tocher 2003) . Because EFA are produced in appreciable quantities in pelagic ecosystems only by phytoplankton and are transferred up food webs, EFA availability to fish is tightly regulated by bottom-up processes (Ahlgren et al. 1996 , Dalsgaard et al. 2003 .
The EFA limitation hypothesis postulates effects of EFA restriction on fish that are incompletely understood. Most knowledge about fish EFA requirements comes from aquaculture studies using dietary EFA levels far below those found in nature (Dalsgaard et al. 2003) , and little is known about the effects of natural EFA variability on fish or species differences in EFA requirements. Lipid-rich species might be expected to contain more EFAs, which suggests an intuitively appealing link between lipid content and EFA requirements. However, EPA and DHA are most prevalent in structural phospholipids (Dalsgaard et al. 2003) , while variability among species in total lipid content is largely a function of the content of EFA-poor neutral lipids (Olsen 1999) . Lipid content may therefore not correlate with the content of the most critical EFA. Furthermore, comparative data on species EFA content are not readily available. Most papers on the fatty acid content of fish present data on relative fatty acid content (% of total fatty acid mass), without giving data on the total mass of fatty acids, and these data cannot be used to derive comparative data on the absolute fatty acid content (% body mass) of different fish species (Reinhardt & Van Vleet 1986 , Olsen 1999 . Developing comparable data on absolute fatty acid content is therefore an important first step in evaluating the potential role of EFA availability in structuring fish communities.
The goals of our research were to (1) test for opposing population-level responses in lipid-rich and lipidpoor fish species following climate regime shifts, and (2) test for correlation between total lipid content and the content of EPA and DHA in order to make inferences about different EFA requirements of lipid-rich and lipid-poor fishes. We used published data on fish lipid content and population trends following climate regime shifts to achieve the first goal. For the second goal, we used original data on the EFA content and lipid content of 5 ecologically important fishes from the northeast Pacific as well as published data on myctophids from a variety of habitats. We also briefly review existing knowledge of EFA function in aquatic ecosystems as it pertains to the EFA limitation hypothesis.
MATERIALS AND METHODS
Lipid content and population trajectories. We searched the Science Citation Index Expanded database for the period 1980 to 2004 for situations where (1) sudden and dramatic changes in fish communities have been linked with persistent, decadal-scale shifts in physical parameters, and (2) changes in fish communities have been documented by standardized trawl surveys that provide trend data for both pelagic and demersal species. We made no attempt to restrict the geographic area of our search, but the 7 studies we found dealt with 4 boreal ecosystems (43°N to 61°N; Table 1 ). Comparable data on the magnitude of abundance changes could not typically be extracted from published sources, so we simply categorized the abundance of each species as 'increasing' or 'decreasing'.
We were able to find published lipid content data for most of the common species involved in the 4 community reorganizations. Lipid content is highly variable within species due to factors such as age, sex, reproductive status and seasonal variability in energy budgets (Anthony et al. 2000 . In order to generate data suitable for inter-species comparisons, we averaged every adult value for each species within a given study and then generated species values as the grand mean of various study means (Table 2) . We also generated average values for 3 demersal families (Gadidae, Pleuronectidae and Stichaeidae) to use for species for which published lipid data were not available. Lipid content is fairly constant within demersal families (Anthony et al. 2000 suggesting that these average values were representative. Following Iverson et al. (2001) , we corrected lipid data derived using the Bligh & Dyer method for comparison with the Folch method, using the equation: log (Folch) = 0.047 + 1.122 × log (Bligh & Dyer) (1) Because we tested the null hypothesis of no relationship between lipid content and population trajectory 4 times (once in each ecosystem), we maintained the expected type-I error rate at 5% of all significant results by using false discovery rate control, which adjusted individual α values for the 4 tests (Verhoeven et al. 2005) .
Total lipid and EFA content. We tested for correlations between total lipid and EFA content with data from a group of northeast Pacific fish species (Pacific sand lance Ammodytes hexapterus, capelin Mallotus villosus, Pacific herring Clupea pallasii, Pacific hake Merluccius productus and walleye pollock Theragra chalcogramma). Fish were collected quarterly with a mid-water rope trawl from 2 locations in southeastern Alaska in 2001 and 2002, and were flash-frozen in liquid nitrogen and stored at -80°C prior to analysis. Lipid was extracted in Folch reagent with BHT to prevent oxidation from whole homogenized fish using a Dionex Accelerated Solvent Extractor. After extraction, filtrate was washed with 0.88% KCl followed by a solution of methanol/deionized water (1:1 v:v) in volumes equal to 25% of the extract volume. Excess solvent was evaporated under nitrogen to a volume of 1.0 ml and the lipid content of a 0.5 ml aliquot was determined gravimetrically. Lipid samples were stored under nitrogen to minimize oxidation. Duplicate sample results were reproducible to within 15% and analysis of National Institute for Standards and Technology standard reference material 1946 by this method is within 5% of the published value.
In order to capture seasonal variability in EFA content, we analyzed EFA content during the sampling periods of minimum and maximum lipid content for each species, with the exception of Pacific sand lance, which was collected during a single month. The fatty acid 3 composition of whole lipid extracts was determined by gas chromatography and mass spectrometry. A 1.0 ml aliquot of lipid extract was trans-esterified by mixing it with Hilditch solution and heating to 80°C for 2 h. Fatty acid methyl esters were washed with 5% NaCl and extracted in hexane. Purified extracts were evaporated under nitrogen to a volume of ~1 ml. Concentrations of 31 fatty acids were measured on a Hewlett Packard 6890 gas chromatograph equipped with a Model 5973 mass selective detector. Concentrations were determined from 5-point calibration curves developed for each fatty acid normalized to a surrogate standard (C19:0), added prior to trans-esterification. Each batch of 20 samples included a method blank, reference sample, and 1 sample randomly selected for duplicate analysis. Sample sizes are summarized in Table 3 . We also analyzed published data to compare absolute EFA content and total lipid content among a broader group of fish species. We are not aware of any papers that compare the absolute fatty acid content of total lipid among species, but papers are available that compare relative fatty acid content of individual lipid classes (e.g. phospholipids, tryacylglycerols, sterols; Saito & Murata 1998) . Differences among species in total lipid content are expected to be expressed almost entirely in differences in tryacylglycerol (TAG) content, while the content of other lipid classes is expected to remain fairly constant (Olsen 1999) . We therefore reasoned that differences among species in EFA content that are related to differences in total lipid content would be expressed in terms of EFA contained within TAG. We searched the Science Citation Index Expanded database for the period 1980 to 2004 for papers that (1) compared total lipid content and the proportion of lipid classes among fish species, and (2) presented data on the fatty acid content of individual lipid classes for the same species. Almost all comparable data came from 4 studies of myctophids (Reinhardt & Van Vleet 1986 , Seo et al. 1996 , Saito & Murata 1998 , Lea et al. 2002 , so we limited our analysis to this family. These 4 Table 2 . Lipid content (% wet mass, mean ± SE) of fishes used to test for alternate lipid states in fish communities following climate regime shifts. When more than one source was available for a species, average of study values was used in analysis. Family averages for Gadids, flatfish, sculpins and pricklebacks included grand means of individual species means for every species included in the cited sources. n = number of studies for species estimates or number of species for family estimates. 1: Anthony et al. (2000) ; 2: Budge et al. (2002) Saito & Murata (1998) also presented data on the relative fatty acid content of neutral storage lipids for 10 species. With these data we compared fishes with different levels of total lipid in terms of (1) content of phospholipids (PL) and TAG, the dominant lipid classes, and (2) absolute content of EPA and DHA within TAG. Species that accumulate wax esters as storage lipids were excluded from analysis, and data derived using the Bligh & Dyer method of lipid extraction were corrected for comparison with the Folch method (see 'Lipid content and population trajectories' section). Using data on the relative fatty acid content of TAG from different species (Salto & Murata 1998), we used the fact that each TAG molecule contains 3 fatty acids to calculate the molar concentration of each fatty acid in a hypothetical TAG sample, and then used the molecular weight of each fatty acid to calculate the absolute content (% total mass) of EFA contained within TAG (Table 4) . Lipid and EFA content were arcsine-transformed before analysis to satisfy assumptions of normality. We set α = 0.05, and means are presented as ± SE unless otherwise noted.
RESULTS
Average lipid content of pelagic species in our literature survey (10.9 ± 2.5%) was 3 times that of demersal species (excluding family estimates; 3.6 ± 0.5%, t 19 = 4.17, p = 0.0005, Table 2 ). In all 4 examples we found significant differences in the lipid content of species that increased and decreased in abundance (2-sample t-tests: Bering Sea 1970s: t 6 = 3.20, p = 0.02; Gulf of Alaska 1970s: t 13 = 2.17, p = 0.049; North Sea 1960s: t 4 = 5 (Table 1) and lipid content (Table 2 ). In each instance lipid content was significantly different between groups that increased and decreased in abundance. * Indicates lipid data estimated from family mean, error bars + SE 9.65, p = 0.0003; Scotian Shelf 1980s: t 6 = 4.12, p = 0.01; Fig. 1 ). All 4 rejections of the null hypothesis were retained under false discovery rate control. The chance of rejecting the null hypothesis 4 times, given no difference in lipid content between species increasing and decreasing in abundance, is the product of the 4 α values (adjusted for false discovery rate control), or p = 0.0000006. Because eulachon contain uniquely low levels of EPA and DHA , we assume that this species is likely not affected by restricted EFA availability in the same way as other lipid-rich species. We therefore repeated analysis for the Bering Sea excluding this species and obtained similar results (t 5 = 3.43, p = 0.02). On average, the lipid content of the higher-lipid group following a climate shift was 330 ± 60% that of the lower-lipid group. In every case, the resulting relatively lipid-poor or lipidrich fish community persisted at a decadal time scale (Cushing 1980 , Anderson & Piatt 1999 , Hunt et al. 2002 , Beaugrand 2004 , Choi et al. 2004 . Total lipid content of individual fish from the northeast Pacific ranged from 1.0 to 28.9% (wet mass). EPA and DHA content were affected by both species identity (MANOVA: Wilks' λ 8,244 = 0.56, p < 0.0001) and total lipid content (MANOVA: Wilks' λ 2,122 = 0.28, p < 0.0001). A general linear model including species identity and lipid content as explanatory variables showed strong effects on both EPA content (R 2 = 0.76, F 5,123 = 76.60, p < 0.0001) and DHA content (R 2 = 0.82, F 5,123 = 114.74, p < 0.0001; Table 5 ). The content of both EFA increased as a function of total lipid content (Fig. 2) .
Total lipid content of individual myctophids from published studies ranged from 0.5 to 46.3% (wet mass). As expected, variability in total lipid content had no significant effect on PL content (linear regression: n = 44, r 2 = 0.05, p = 0.21; Fig. 3a) , but was tightly 6 Table 4 . Calculations used to derive absolute content (% total mass) of fatty acids contained in triacyglycerol (TAG) using published data on relative fatty acid content (% total fatty acid mass): example using Ceratoscoperus warmingi (Saito & Murata 1998 linked with increased TAG content (linear regression: n = 44, r 2 = 0.98, p < 0.0001; Fig. 3b ). Fishes with higher total lipid content also had higher absolute content of TAG-contained EPA (linear regression: n = 10, r 2 = 0.93, p < 0.0001; Fig. 3c ) and DHA (linear regression: n = 10, r 2 = 0.83, p < 0.0001; Fig. 3d ). MANOVA showed a significant overall effect of lipid content on TAG, EPA and DHA content (Wilks' λ 3,6 < 0.0001, p < 0.0001).
DISCUSSION
We found that transitions in boreal fish communities following climate regime shifts produced opposite population trajectories in lipid-rich and lipid-poor species. Estimates of mean species lipid content are complicated by high intra-species variability (Anthony et al. 2000 , Wanless et al. 2005 ) and a lack of comprehensive data for most species (Logerwell & Schaufler 2005) . Seo et al. (1996) , Saito & Murata (1998) , and Lea et al. (2002) . See Table 4 for calculation details. Plotted data have been arcsine transformed However, existing data are adequate to demonstrate consistent species differences in lipid content and our inference is strengthened by our ability to draw on multiple studies for most species used in our analysis ( Table 2) . As in other studies (Anthony et al. 2000 , we found that lipid content was on average about 3 times greater in pelagic-feeding species than in demersal species. Every example of community transition that we found involved a switch between demersal and pelagic species, or vice versa, but there was no consistent correlation between temperature change and the nature of community transition: colder temperatures were associated with higher abundance of pelagic fishes in 3 ecosystems, but with higher abundance of demersal fishes in the North Sea (Table 1 ). This observation argues against the simple relationship between temperature and fish community EFA content that is suggested by patterns of higher EFA production in cold ecosystems (Olsen 1999 , Dalsgaard et al. 2003 , and underscores the complexity of interactions between the physical environment and community biochemistry. Transitions in the Bering Sea and Gulf of Alaska were part of ecological change in the Pacific following the 1976-1977 shift in the Pacific Decadal Oscillation (Anderson & Piatt 1999 , Chavez et al. 2003 . Decadalscale climate variability in the North Atlantic apparently plays a similar role in producing sudden transitions in ecosystems (Beaugrand 2004) , although trophic cascades following over-fishing of high trophic level demersal fishes have also contributed to community transitions in the North Atlantic (Choi et al. 2004 ). The Scotian Shelf community transition is believed to be the result of over-fishing and, to a lesser extent, decadal-scale climate variability (Choi et al. 2004 ). Multiple causality is likely the rule for community transitions in shelf ecosystems, as alternate stable states in much simpler lake ecosystems are the result of interactions between multiple mechanisms (Scheffer et al. 2001 ). Data are not available to directly compare absolute EFA content between demersal and pelagic fishes, but a correlation between lipid content and EFA content (Figs. 2 & 3) suggests that lipid-rich and lipidpoor fish communities can be viewed as EFA-rich and EFA-poor, respectively. Although alternate states have been identified in many ecosystems (Scheffer et al. 2001 ), we are not aware of previous observations of alternate states in community physiological properties such as lipid and fatty acid content.
Although the sum content of all fatty acids is correlated with total lipid content in fishes (Ahlgren et al. 1996) , EFAs are the only lipid constituents that cannot be synthesized by animals, and so have a unique potential to exert bottom-up control on animal populations (Müller-Navarra 1995 , Brett & Müller-Navarra 1997 . Correlation between lipid content and EFA content therefore suggests a possible mechanistic link between EFA limitation and fish community lipid content. However, caution should be taken when interpreting correlations between lipid and EFA content in terms of species-specific EFA requirements. The differences among species in lipid content derive primarily from differences in the amount of storage lipids (Olsen 1999) . The relationship between EFA and lipid that we identified is therefore driven by variation in the EFA content of storage lipid, but the degree to which EFA found in lipid reserves reflects EFA requirements is unknown. In addition, EPA, DHA and other EFA compete with one another in various biochemical reactions, so that EFA ratios, in addition to the absolute availability of individual EFA, are important considerations in the diets of marine organisms (Tocher 2003) . Despite these caveats, the existing data do not lead us to reject the notion that species with high lipid content have high EFA requirements. Opposite population trajectories in lipid-rich and lipid-poor species and higher EFA contents in lipid-rich species lead us to infer that variation in EFA availability might contribute to community transitions. While limited availability of DHA or EPA limits zooplankton production (Jónasdóttir et al. 1995 , Arendt et al. 2005 , and changes in EFA production may cause disease in fish populations (Ahlgren et al. 2005) , mechanistic links between EFA availability and fish population trajectories remain speculative. In particular, increased EFA availability would have to confer an unexplained advantage on species with high EFA requirements over those that are productive when EFA supplies are low. Lipid biochemistry is extremely complex, and the analysis presented here is only intended as an initial comparison of possible differences in fish EFA requirements. Much more research into the nature of these requirements is needed before ecological implications can be elucidated.
Climate regime shifts and EFA availability
No data are available on regime shift effects on EFA production, but an extensive literature on variability in EFA production suggests that such effects could be expected. Laboratory and field studies have revealed consistent differences in EFA production by dominant phytoplankton groups. Diatoms are typically rich in EPA and dinoflagellates and coccolithophores are typically rich in DHA (Dalsgaard et al. 2003) . Variability in EFA production within taxa also exists, although this is generally less than variability among taxa (Dalsgaard et al. 2003) . Within-taxa variability in EFA production is tightly linked to physical processes, including water temperature, light and nutrient availability, stratification and mixed layer depth (Dalsgaard et al. 2003) .
Changes in physical oceanography could therefore change EFA production either by changing phytoplankton species composition or by changing EFA production within phytoplankton taxa. Climate regime shifts drive phytoplankton communities between alternate species assemblages (Karl et al. 2001) , and regime shifts involve changes in physical properties like temperature, upwelling of nutrients and mixed-layer depth (Chavez et al. 2003 ) that can be expected to impact EFA production within phytoplankton taxa. Order of magnitude variability in seston EFA content has been observed in high-latitude systems at interannual and regional scales (Skerratt et al. 1995) , and spatial variability in phytoplankton EFA production produces variability in the EFA content of both zooplankton and fish (St. John & Lund 1996) . One of the best-studied examples of changing EFA production in response to environmental change comes from the Baltic Sea, where eutrophication has shifted phytoplankton dominance from diatoms to flagellates, apparently resulting in changes in EFA ratios throughout the food web, and possibly leading to a chronic reproductive disease in salmon (Salmo salar; Ahlgren et al. 2005) . Given the extensive knowledge of environmental control of EFA production, it seems reasonable to accept that climate regime shifts might change EFA availability throughout marine food webs. The compelling question is whether such changes could be expected to reorganize fish communities.
Could EFA availability structure fish communities?
Variability in the EFA content of freshwater phytoplankton communities produces variability in the EFA content of fish (Ahlgren et al. 1996) , even though many freshwater fishes are able to produce EPA and DHA by elongating and desaturating α-linolenic acid (Dalsgaard et al. 2003) . Marine fishes either cannot produce EPA and DHA from α-linolenic acid, or do so less efficiently than freshwater fishes (Kanazawa et al. 1979) , suggesting a strong possibility for bottom-up control of EFA levels in marine systems. Indeed, the fatty acid composition of marine fish is well known to reflect the fatty acid content of their diet, and, ultimately, of local phytoplankton (St. John & Lund 1996) . However, similarity between fish and phytoplankton EFA signatures does not necessarily imply EFA limitation. Availability of EFA is much higher in marine systems, particularly at high latitudes, than in freshwater systems (Olsen 1999) , and the reduced ability of marine fishes to convert precursors into EPA and DHA has been interpreted as evidence that these EFA are not limiting in marine systems.
Although EFA availability is generally high in marine settings, it is also highly variable (see above). This variability suggests the possibility of at least occasional EFA limitation, and field studies have demonstrated EFA limitation of egg production and hatching success in copepods (Jónasdóttir et al. 1995 , Arendt et al. 2005 . Thus, EFA restriction can limit reproduction of marine invertebrates in the wild, and there are similar effects on fish. Natural variability in EFA content of common wolffish Anarhichas lupus eggs correlates with hatching and survival rates (Halfyard et al. 2001) , and field-collected Atlantic herring Clupea harengus larvae show order of magnitude variability in EFA and lipid content that correlates with dietary EFA restriction and poor nutritional condition (Fraser et al. 1987) . Larvae of other fish species show similar variability in lipid content that correlates with diet quality (Lochmann et al. 1995) . The potential for EFA limitation is likely highest for larval and juvenile fish because rapid growth produces high EFA requirements (Tocher 2003) , and because EFA content amplifies with trophic level so that planktivorous diets are typically lower in EFA than piscivorous diets (Brett & Müller-Navarra 1997) . Because grazers are able to ensure an adequate supply of EFA through selective feeding, limitation of zooplankton is considered most likely during monospecific blooms of EFA-deficient phytoplankton (Brett & Müller-Navarra 1997) , and planktonic larval fish might be similarly susceptible to limitation during monospecific blooms. There are no available data that would allow comparisons of early life-history lipid and EFA requirements among species involved in community reorganizations (Table 2) . However, lipid and EFA content data from 4 marine fish species (Pacific herring, Pacific sand lance, Pacific tomcod Microgadus proximus and walleye pollock) show that total lipid content within species is highly correlated between adult and juvenile stages, and species with higher juvenile lipid content also contain reduced DHA:EPA ratios , suggesting a mechanism by which changing food web DHA:EPA ratios might differentially impact lipid-rich and lipid-poor species.
The EFA limitation hypothesis also has implications for the fate of piscivorous marine mammals and seabirds under different climate regimes. Reduced availability of lipid-rich fishes may reduce the energy content of seabird nestling diets, resulting in reduced nestling growth rates and lipid reserves, increased levels of corticosterone stress hormones, and reduced reproductive success (Wanless et al. 2005 ), suggesting a mechanism by which EFA restriction of community lipid content might impact piscivores.
The 4 examples of community reorganization that we utilized in this paper all involved shifts between pelagic and demersal communities (Table 1) . We recognize that the alternate EFA-content states that these shifts imply might simply be a side effect of other ecological processes, such as predation, that differentially impact pelagic and demersal communities. However, growing awareness of the role played by EFA in aquatic ecosystems (Brett & Müller-Navarra 1997 , Ahlgren et al. 2005 , observations of EFA restriction of zooplankton reproduction (Jónasdóttir et al. 1995 , Arendt et al. 2005 and correlation between EFA restriction and reduced nutritional condition in larval fishes (Fraser et al. 1987 ) all suggest a novel path of inquiry into the links between the mechanistic role of EFA in aquatic food webs, climate regime shifts and the structure of fish communities.
